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Abstract 
The aim of the present study is to investigate changes of in- 
terferon (IFN) production occurring over the first 48 h after 
infection of peripheral blood mononuclear cells (PBMCs) 
with severe acute respiratory syndrome (SARS) coronavirus 
(CoV) and to compare these changes to those induced by 
well-established IFN-inducing viruses, such as vesicular sto- 
matitis (VSV) and Newcastle viruses (NDV). Experiments have 
been carried out using PBMCs of 10 different healthy donors. 
The results showed that the antiviral activity of IFN con- 
tained in the supernatant of SARS-CoV-infected PBMCs was 
lower than those induced by VSV and NDV. Consequently, 
SARS-CoV induces a lower synthesis of IFN-a, -B and -y com- 
pared to VSV and NDV. Characterization of the profile of 
IFN-~ subtypes genes expression in SARS-CoV-infected 
PBMCs demonstrated that the level of IFN-a2 and -6 sub- 
types were higher compared to other IFN-a subtypes name- 
ly, IFN-«5, -8, -10, -13/1, -17, and -21. In conclusion, SARS-CoV 
induces IFNs to a less extent compared to VSV and NDV, thus 
suggesting that the IFN system does play a limited role in 
early host defense against SARS-CoV infection. 

Copyright © 2008 S. Karger AG, Basel 


Severe acute respiratory syndrome (SARS) is a newly 
identified infectious disease and its causative agent has 
been convincingly identified as a new member of the 
Coronaviridae family called SARS-CoV [1]. One funda- 
mental aspect of the innate immune response against vi- 
ruses is the secretion of type I interferons (IFNs), which 
induce cellular mechanisms of resistance against viruses 
and activate host immune responses [2]. 

The IFNs are a large family of multifunctional cyto- 
kines involved in the antiviral response, regulation of cell 
growth and activation of the immune system [2]. IFN is 
induced after virus infection, especially by RNA viruses 
[2], including the members of the Coronaviridae family 
such as 229E [3]. 

The role of the immune response in general and spe- 
cifically of IFN in SARS-CoV pathogenesis has been 
poorly investigated so far. Since many viruses evolved 
specific mechanisms for countering the IFN response [4], 
the efficiency with which viruses counter the cellular an- 
tiviral defense mechanisms is an important contributory 
factor to viral infection pathogenesis. Thus, it is impor- 
tant to investigate the SARS-CoV interactions that lead 
to infection and especially the mechanism by which the 
host is capable of clearing out the infection. 

In light of the above considerations, we planned to in- 
vestigate the production of IFN type I and II in response 
to SARS-CoV (HSR-1 strain) infection of peripheral 
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blood mononuclear cell (PBMC) cultures derived from 
healthy controls. The strain HSR-1 of SARS-CoV, used in 
this study, was obtained by inoculating Vero cells with a 
sputum specimen from an Italian patient affected by a 
severe form of pneumonia of unknown etiology, who had 
a history of travel from Vietnam to Italy in March 2003 
[5]. PBMCs were chosen to perform the experiments be- 
cause several studies indicated that SARS-CoV is able to 
infect in vitro PBMCs and to determine virus-specific 
RNA production [6-8]. In order to make a comparison, 
we performed control experiments in which the same 
cells were induced to produce IFN by vesicular stomatitis 
(VSV) and Newcastle disease (NDV) viruses. We used 
these viruses as control because of their high and well- 
known capacity of IFN induction. 

Briefly, human PBMCs were isolated from buffy coats 
of 10 blood donors provided by the blood bank of the ‘Sa- 
pienza’ University of Rome. Blood was collected in EDTA 
tubes, and PBMCs were separated by Ficoll-Hypaque gra- 
dient sedimentation. PBMCs (5 x 10°) were plated in 6- 
well plates (Falcon 353046 Multiwell 6-Well; Becton- 
Dickinson, Franklin Lakes, N.J., USA) and infected with 
100 pl of SARS-CoV at a MOI of 0.1 in serum-free me- 
dium MEM (Sial, Italy) supplemented with 2 mM L-glu- 
tamine (Sial, Italy) and 50 wg/ml of gentamycin (Sial, 
Italy). After adsorption at 37° for 1 h, the excess virus 
inoculum was removed, the cells were washed with phos- 
phate-buffered saline, and the wells topped up with me- 
dium plus 2% fetal calf serum (Sial, Italy) to 0.1 ml/well. 
Cells were cultured for 24 and 48 h after infection with 
SARS-CoV. As stated before, control experiments with 
VSV and NDV at the same MOI were carried out. For 
safety precautions, all culture supernatants, collected 24 
and 48 h post-infection (p.i.), were UV irradiated for 1 h 
to inactivate residual infectious virus before IFN induc- 
tion analysis. Cells were collected 24 and 48 h after virus 
infection and were frozen at —80° for IFN-a subtype 
mRNA expression analysis (see below). 

IFN activity was determined at 24 and 48 h p.i. evalu- 
ating the reduction of cytopathic effect on bovine Madin- 
Darby bovine kidney cells by VSV. In brief, 3 x 10* cells 
were seeded into each well of 96-well plates (Falcon 
353072 Microtest 96, Becton Dickinson) and incubated 
with threefold serial dilution of supernatant samples for 
18 h at 37°. Following incubation, cells were challenged 
with VSV at a MOI of 0.5 and the plates were incubated 
at 37° for 18 h. Virus-induced cytopathic effects were as- 
sessed by microscopic examination. The monolayer’s cell 
was then stained with crystal violet in 20% ethanol. The 
dye taken up by the cells was eluted with 33% acetic acid 
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and its absorbance measured at 540 nm with an ELISA 
microplate reader. IFN concentrations were expressed as 
inverse dilution that provided 50% of cell protection 
against viral-induced cytopathic effect. 

Figure la shows the IFN-inducing capacity of SARS- 
CoV (HSR-1 strain). It can be seen that VSV and NDV 
induce a higher yield of IFN activity at both 24 and 48 h 
after infection of PBMCs derived from healthy donors 
than SARS-CoV (p < 0.05 by Student's t test). 

Next, we characterized the antiviral activity in the su- 
pernatant of PBMC cultures stimulated with SARS-CoV 
by analyzing the IFN-«a, -B and -y production using dif- 
ferent ELISA kits (Human IFN-a, -y ELISA Kits, PBL 
Biomedical Laboratories, Tema Ricerca, Italy). Assays 
were carried out as recommended by the manufacturer’s 
instructions. The results show that SARS-CoV elicits a 
significantly lower production of IFN-a and -8 com- 
pared to VSV and NDV (p < 0.05 by Student’s t test; 
fig. 1b, c). The only exception being the amount of IFN-B 
induced at 24 h by SARS-CoV which is lower, but not sig- 
nificantly, than that induced by NDV. 

IFN-7 levels in supernatant cultures from PBMCs in- 
fected with SARS-CoV show no significant differences 
compared to those induced by VSV or NDV (fig. 1d). 
However, there was again a trend towards lower produc- 
tion of IFN-y in PBMCs infected with SARS-CoV, com- 
pared to VSV and NDV. In addition, we observed higher 
levels of IFN-B in supernatants of PBMCs infected with 
SARS-CoV at 24 h than at 48 h whereas IFN-a and -y 
levels remained rather stable up to day 2 p.i. 

Next we investigated the transcriptional induction of 
the main IFN-a subtypes in PBMCs infected with SARS- 
CoV by real-time reverse transcript-polymerase chain re- 
action (RT-PCR Taqman) using the ABI 7000 sequence 
detector (Applied Biosystems, Monza, Italy). Briefly, total 
cellular RNA was extracted from 5 X 10° cells using phe- 
nol and guanidine isothiocyanate reagent (TRIzol, Gibco 
BRL, Grand Island, N.Y., USA), following the manufac- 
turer’s instructions. RNA was then reverse transcribed 
using a high-capacity cDNA archive kit (Applied Biosys- 
tems). Next, we added the following primer pair and 
probes for IFN-a subtypes [9] to the universal PCR mas- 
ter mix (Applied Biosystems) at 300 and 100 nM, respec- 
tively, in a final volume of 50 pl. 

The co-amplification of the B-glucuronidase gene 
(Assay-On-Demand, Hs99999908_m1, Applied Biosys- 
tems) was used to control the total amount of RNA ex- 
tracted from PBMCs. The relative amount of each tran- 
script, normalized to B-glucuronidase mRNA, was cal- 
culated by using the arithmetic formula 2~4* or 2-44Ct 
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Fig. 1. Induction of IFN after infection of PBMCs derived from 10 
healthy donors with SARS coronavirus (CoV, HSR-1 strain) at a 
MOT of 0.1. The same experiments were conducted with VSV and 
NDV viruses. After 24 and 48 h p.i., supernatants were collected 
and IFNs were detected by biological assay (a) and different ELI- 


according to the supplier’s guidelines (Applied Biosys- 
tems). 

PBMCs isolated from healthy donors were found to 
express a low quantity of IFN-a subtypes. This constitu- 
tive expression is variable depending on the examined 
IFN-a subtype. Specifically the IFN-a subtype values in 
unstimulated PBMCs, determined using the equation 
2-4Ct according to the supplier’s guidelines, range be- 
tween 0.25 and 1.56 for the healthy subjects. 

The results also show, for the first time to our knowl- 
edge, that SARS-CoV in vitro infection of PBMCs leads to 
the transcriptional induction of several IFN-a subtypes 
and that they are induced to a different extent (fig. 2a). In 
particular, among the subtypes detected at 24 h p.i., IFN- 
a2 and -6 are the major transcripts followed by IFN-a13/1 
and finally IFN-a5, -8, -10, -17, and -21 as minor tran- 
scribed subtypes. The difference between the level of ex- 
pression of IFN-a subtypes 2, 6 and 13/1 measured at 24h 
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SA tests (b-d). The values expressed are mean of values obtained 
in each culture of PBMCs. * p < 0.05 compared with VSV and 
NDV using Student’s t test. ** Not significantly different with 
NDV at 24h pi. 


after infection with SARS-CoV is statistically significant 
(p<0.05 by Student’s t test). All the IFN-a subtypes reached 
much higher levels at 48 h p.i. than those measured in con- 
trols and at 24h p.i. (p < 0.05 by Student’s t test). 

As expected, a significant production of IFN-a sub- 
types in PBMCs infected with VSV or NDV at 24 has well 
as at 48 h was observed (p < 0.05 by Student’s t test; 
fig. 2b, c). Interestingly, we found that, over a time course 
of 24 and 48 h of infection, lower levels of all of the IFN- 
a subtypes investigated were transcribed in PBMCs in- 
fected with SARS-CoV when compared with those in- 
duced by VSV and NDV. The ratio values, expressed as 
Log values, in the IFN-a subtype levels between VSV and 
SARS-CoV after PBMCs infection were variable. The 
mean value at 24 h was 2.38 (range 1.93-2.78) and at 48 h 
it was 0.94 (range 0.6-1.2). The same analysis performed 
with NDV revealed that mean value at 24 and 48 h were 
0.42 and 0.53, respectively. 
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Such findings, which are consistent with previous ob- 
servations [9], support the idea that the expression level 
of each IFN-a subtype is dependent on the kind of viral 
stimulus. To further support the view that SARS-CoV is 
a poor inducer of IFN-a subtypes and to gain new in- 
sights into the phenomenon, the increase of all IFN-a 
subtypes was measured in PBMCs collected from 5 
healthy donors after transfection with double-stranded 
RNA synthetic analogue such as polyriboinosinic-poly- 
ribocytidylic acid (poly-IC) for 24 h. The results of these 
experiments are shown in figure 3 where it can be seen 
that relevant amounts of different IFN-a subtypes can be 
measured in cells transfected as above. This observation 
indirectly underlines that SARS-CoV infection of PBMCs 
was accompanied by a low induction of IFN-a mRNA 
subtypes and suggests that toll-like receptor 3 (TLR3) to- 
gether with other pattern recognition receptors could be 
involved in the signaling leading to expression of type I 
IFN in PBMCs. 

Altogether, the data presented in this study, along with 
previous results [10-19], demonstrate that SARS-CoV is 
a weak inducer of IFN-a, -B and -y. The potential limita- 
tions of our study include the fact that we did not com- 
pare IFN response in SARS-CoV-infected PBMCs with 
those in other relevant human virus. In line with this, it 
has been reported that in contrast to human coronavirus 
229E and influenza A virus (H1N1) there was little or no 
induction of IFN-8 in SARS-CoV-infected macrophages 
[20]. Moreover, it has been shown that SARS-CoV infec- 
tion of primary human macrophages is associated with a 
strong induction of chemokines without an associate 
type I IFN response compared to H5N1 infection [21]. 
This finding is consistent with the observation that SARS- 
CoV proteins that prevent IFN induction do exist [22- 
24]. In particular, the expression of nsp1 protein of SARS- 
CoV prevents Sendai virus-induced endogenous IFN-8 
mRNA accumulation without inhibiting dimerization of 
IFN regulatory factor 3, a protein that is essential for the 
activation of the IFN-B promoter [22]. Furthermore, nsp1 
expression promotes degradation of RNA transcripts and 
host endogenous mRNAs, leading to a stronger host pro- 
tein synthesis inhibition. In addition, Kopecky-Brom- 
berg et al. [24] found that SARS-CoV open reading frame 
(ORF) 3b, ORF 6, and N proteins inhibit the expression 
of IRF-3, suggesting that, like other highly pathogenic 
viruses, SARS-CoV genome encodes more than one pro- 
tein able to inhibit IFN. 

Therefore, altogether these results may help to explain 
the rapid rise in virus titers during the initial phase of 
SARS disease. In agreement with the above consider- 
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Fig. 3. Gene expression of IFN-a subtypes in PBMCs from 5 
healthy donors after stimulation with 50 wg/ml of poly-IC and 
DEAE- dextran (50 g/ml). At 24 h, cells were harvested and RNA 
was isolated using TRIzol reagent. TaqMan reverse transcriptase 
PCR was used to quantify IFN-a subtypes mRNAs. The data, 
normalized to B-glucuronidase mRNA, were calculated by using 
the arithmetic formula 2~“4“' according to the supplier’s guide- 
lines. * IFN q = IFN-a5, -10, -17, and -21. 


ation, it has been reported that several IFN-stimulated 
genes, such as PKR, GBP-1/2, CXL-10/11, and JAK/STAT 
signal pathway were down-regulated in SARS patients 
with acute severe phase compared to patients with the 
convalescent phase [11]. 

However, in contrast with our results and many other 
results obtained with in vitro experiments [10, 15-19], it 
has been recently demonstrated that SARS-CoV induced 
a wide range of type I IFNs and nuclear translocation of 
phosphorylated signal transducer and activator of tran- 
scription 1 in the lungs of macaques [25]. Moreover, it has 
also been reported by Okabayashi et al. [26] that the IFN 
system was not suppressed by SARS-CoV infection. The 
reasons for these discrepancies are still unclear. Several 
factors should be taken into account. These include dif- 
ferences in: (i) cells types used to investigate SARS-CoV 
capability to induce IFN; (ii) methods employed to deter- 
mine IFN induction; (iii) timing of sample collections for 
the analysis of IFN induction with respect to SARS-CoV 
infections, and (iv) type of virus used to make a compar- 
ison with IFN production in SARS-CoV infection. Fur- 
ther studies are required to gain a better understanding 
of the activation of IFN system during SARS-CoV infec- 
tion. 

Importantly, the results of this study also demonstrate 
that lower levels of all of the IFN-a subtypes investigated 
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were transcribed in PBMCs infected with SARS-CoV, in 
contrast with those induced by VSV and NDV. In addi- 
tion, we observed that SARS-CoV induce a characteristic 
profile of IFN-a subtype production. 

It is generally believed that the transcription of differ- 
ent IFN-a subtypes is modulated through multiple sig- 
naling pathways depending on the virus and the type of 
cells infected. However, the expression and function of 
IFN-a subtypes during infection with highly pathogenic 
viruses have been poorly investigated. Interestingly, hep- 
atitis C virus (HCV) infection has been reported to be 
associated with low IFN-a5 mRNA levels, which is the 
main IFN-a subtype expressed in the liver [27]. Our re- 
sults show that IFN-a5 mRNA production at 24h p.i. was 
lower compared to the other IFN-a subtypes investigat- 
ed, when induced with SARS-CoV too. On the contrary, 
the levels of IFN-a6 and -2 are higher, although it has 
been reported that IFN-a6 is up to 52 times less activated 
than IFN-a2 after infections of PBMCs with either her- 
pes simplex virus or other different viruses of the Para- 
mixoviridae family [9]. 

It is well known that different IFN-a subtypes possess 
distinct antiviral and antiproliferative effects both in vi- 
tro and in vivo [28-32]. It has been reported that IFN-a8 
has the most potent antiviral activity against murine en- 
cephalomyelitis virus in various human cell lines, while 
IFN-al is the least efficient [33]. In agreement, Koyama 
et al. [34] demonstrated that IFN-a8 was the most effec- 
tive of the IFN-a subfamily against intracellular hepatitis 
C virus replication. 
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In light of the above findings, the fact that SARS-CoV 
induced lower levels of IFN-a8 compared to IFN-a2, -6 
and -13/1 could suggest a scenario in which during SARS 
the virus affect selectively the expression of specific IFN- 
a subtypes with the most biological activity. The im- 
paired expression of specific IFN-a subtypes caused by 
SARS-CoV could contribute to the main immunopatho- 
logical processes involved in SARS. A better understand- 
ing of SARS-CoV strategies to alter IFN-a subtype ex- 
pression may elucidate the mechanism underlying virus- 
induced airway disease. 

In summary, our data, together with previous results, 
demonstrate that SARS-CoV (HSR-1 strain) induces a 
weak IFN response in comparison with well-established 
IFN-inducing viruses, such as those for VSV and NDV. 
This phenomenon has also been described for murine 
hepatitis coronavirus, which is closely related to SARS- 
CoV [14]. Interestingly, our results further indicate that 
SARS-CoV-induced activation of the IFN system in hu- 
man PBMCs is associated with a selective expression of 
individual IFN-a subtypes, IFN-a2 and -6 being the 
most abundant subtypes detected at 24 h p.i. Our results 
will hopefully make a contribution to further studies of 
SARS pathogenesis. 
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